R ENAL hypertension in the dog is prevented or diminished in severity by the presence of normally functioning renal tissue. Upon removal of the normal kidney, the blood pressure rises and remains elevated. As a result of this observation, Fasciolo 1 called attention to the apparent protective action of the normal kidney in hypertension of renal origin. Subsequently, Katz and associates 2 postulated that the severity of hypertension due to renal ischemia depended upon the relationship existing between the mass of normal and ischemic tissue. Grollman and his col-laborators^ suggested that renal hypertension might be caused by the absence of a depressor substance secreted by normal kidneys. This hypothesis received further support by the description of renoprival hypertension 4 and by the fact that this form of hypertension in the dog is alleviated in a few hours by a kidney transplant. 5 Finally, the depressor effect of homotransplantation of a human kidney from an identical twin 0 renewed interest in the ability of normal renal tissue to reduce an elevated blood pressure.
In the studies to be reported, we have examined the effect of renal transplants on various forms of experimental hypertension, using the rat as the test animal.
Methods
Sprague-Dawley male rats were used in this investigation. Unless otherwise stated, these animals were fed Purina chow and drank water ad libitum. In order to follow the development of hypertension, blood pressure determinations were made under light ether anesthesia at least once a week, using' the tail-microphone technic. 7 From the Department of Internal Medicine, University of Michigan Medical School, Ann Arbor, Midi.
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Production of Hypertension
Renal hypertension was produced in rats weighing 100 to 200 6m. by either a figure-of-eight or 2 individual silk ligatures placed around botli poles of the left kidney. A coutralateral nephrectomy was performed a week later. 8 Hypertension appeared in 50 to 75 per cent of the rats 4 to 5 weeks after this procedure. DCA. hypertension was produced in 1 of 2 ways: Rats weighing from 40 to 70 Gm. received subcutaneous implants of a wax pellet containing 20 nig. of desoxycorticosterone acetate and were given 0.85 per cent sodium chloride to drink. 9 Hypertension usually appeared 1 to 2 months later. DCA hypertension was produced in other rats weighing 200 to 250 Gm., some of which were unilaterally nephrectomized by administering-1 per cent salt solution to drink, and by giving daily subcutaneous injections of a suspension containing 2 mg\ of desoxycorticosterone acetate, as described by Robert. 10 Hypertension usually appeared in 1 month, but in the unilaterally nephrectomized animals it developed more rapidly.
Metacorticoid or post-DC A hypertension w r as considered to have developed when pellet-implanted rats exhibited hypertension of more than 3 months duration, since Sturtevant 9 has shown that at this time less than 0.3 per cent of the DCA remains in the implant.
A.cute humoral hypertension was produced by means of an intravenous infusion of hop 1 renin* or of synthetic angiotensint in rats anesthetized with pentobarbital weighing 200 to 250 Gm. that had been unilaterally or bilaterally nephrectomized 24 hours previously. The infusion was administered by a special pump, delivering 0.05 ml./hour, with the concentration being adjusted to give a dose of 0.9 Goldblatt units/hour for the renin or 4 /xg./hour for the angiotensin. Since in the case of the renin infusions the hypertension tended to be somewhat variable under pentobarbital anesthesia, the procedure was in these experiments so modified that the animals were given 1 Gm./Kg. of urethane intraperitoneally and 2 mg./Kg. of pentolinium (Ansolysen) subcutaneously. A larger dose of renin was then required (2.5 Goldblatt units/hour) but an animal so prepared exhibited a continuous sustained pressor response of 40 to 60 mm. Hg during the period of infusion.
Technic of Transplantation
Operative procedures were carried out after pentobarbital (40 ing./Kg.) had been given intramuscularly for induction and 5 mg./Kg. subcutaneously every 30 minutes for maintenance of anesthesia. Tracheotomy was performed to avoid mucus plugging resulting from the anesthetic. Under these conditions, the blood pressure could be kept at a relatively constant level for many hours.
The blood pressure was measured from the left femoral artery connected by polyethylene tubing (PE 50) to a small bore recording mercury manometer. The sciatic nerve was sectioned during the procedure. The femoral artery and vein of the other leg were then cannulated with polyethylene tubing of the same size, flushed with 1 mg. of heparin in salt solution and the artery clamped. Through the venous cannula, 0.2 ml. of a solution containing 10 mg. of heparin per ml. was injected into the animal and the tubing was then closed with a pin used as an obturator.
While the blood pressure of the prospective recipient was being continuously recorded, the left kidney of the donor rat was exposed through a flank incision and with fine, curved forceps the fascia around the kidney and renal pedicle was cleared away. The aorta at the level of the renal vessels was isolated from the vena cava by means of a curved, blunt probe. This dissection was carried farther to include separation of the renal artery from the renal vein.
The next step consisted of placing 2 pairs of ligatures around the aorta, 1 caudad and 1 cephalad to the origin of the renal artery. The aorta was then sectioned between each pair of ligatures and nicked caudad to the origin of the renal artery in order to admit a polyethylene eannula which was slipped into this vessel to a point just proximal to its branching. After flushing the kidney with 1 mg. of heparin dissolved in 2 ml. of warm salt solution, the renal vein was tied at its origin from the vena eava by means of 2 ligatures, placed 1 to 2 mm. apart; after cutting between these 2 ligatures, polyethylene tubing was inserted into the renal vein to a point 3 to 4 mm. from the kidney. The organ was then removed from the donor after severing the ureter. The cannulae of the renal vessels of the donor and those of the femoral vessels of the recipient rat were tightly joined by means of polyethylene tubing (PE 100). Experience has shown that the length of the tubing between kidney and femoral bed should not exceed 5 cm. After some dexterity has been [tl (18) FT] 118) IIS) ft (5) ( )= NUMBER OF ANIMALS
Figure 1
Blood flow through kidney transplants compared to that observed when blood was collected through a cannula of similar size connected to the renal rein of ai kidney in situ. Numbers in parentheses indicate the number of experiments. The vertical bars indicate the range of 1 standard deviation from, the mean. It will be seen that blood flow through the transplanted kidney ivas slightly greater than that observed from the in situ kidncji after comparable periods of ischemia.
achieved, the period of renal ischemia during the operative procedure is usually 15 minutes and should not exceed 30 minutes.
The renal blood flow of the transplant was measured directly by opening the venous connection and collecting the blood over a timed interval of 10 to 20 seconds. The blood lost during this period was not sufficient to lower the arterial blood pressure significantly. Urine output was measured by cannulating the ureter with polyethylene tubing (PE 10) and collecting urine for a period of at least 1 horn-. The renal blood flow and urine formation of a kidney cannulated but left in situ were similarly determined.
Results

Measurements of the Function of the Renal Transplant
Blood flow through the kidney averaged 1 ml./minute immediately after transplantation (15 to 30 minutes after excising the kidney from its vascular bed). Flow through a kidney remaining in situ, the blood supply of which had been obstructed for from 0 to 30 minutes, was of slightly lesser magnitude ( fig. 1 ). Urine output during the first hour following transplantation was slightly more than that obtained from a normal kidney in situ and averaged 1 ml./hour ( fig. 2 ).
Effect of the Transplant on the Blood Pressure of the Recipient
In 6 experiments, no significant change in blood pressure was observed when the kidney was introduced into a normotensive recipient, (table 1) . On the other hand, transplanting a kidney into rats with renal hypertension of 1 to 5 months' duration resulted in a significant reduction of the blood pressure in all of 26 experiments (table 2) . The blood pressure frequently fell to normal but never to hypotensive levels, despite observation periods lasting in excess of 1 to 2 hours. A typical experiment is shown in figure 3 and the magnitude and time course of the hypotensive response in 8 rats with early renal hypertension is presented in figure 4 . When the transplant was excluded from the circulation, the blood pressure rose but usually did not reach the initial level during the period of observation.
In contrast to these observations in early hypertensive rats, transplants frequently failed to lower the blood pressure in renal hypertension lasting 6 months or more ( fig.  3 ). Table 2 shows that 5 of 9 such animals exhibited a blood pressure decline of less than 11 mm. Hg. While these rats were on the average heavier and had less severe hypertension, many individual exceptions indicate that these factors were not the chief reason for the failure of animals with late renal hypertension to respond consistently to the transplant.
A fall in blood pressure was observed after renal transplantation in all of 18 rats with desoxycorticosterone hypertension of less than 6 months' duration. When the blood pressure had been elevated for 6 months or more, no reduction occurred in 8 of 14 animals tested (table 2) .
When acute humoral hypertension was produced by infusions of angiotensin into animals unilaterally or bilaterally nephrectoniized 24 hours previously, no depressor response was observed after renal transplantation. When hog renin was infused into 9 uni-or binephrectomized rats under either pentobarbital or urethane-Ansolysen anesthesia the transplantation procedure exerted no depressor effect.
Effect of Transplanting a Kidney from a Metacorticoid Hypertensive Rat
In 5 of 7 experiments, recipients with early renal hypertension experienced a blood fall of 
•Indicates ruts in which mean blood pressure was reduced to less than 140 mm. Hg by the transplant. Numbers in parentheses represent moans for each group.
It will be seen that both renal and DCA hypertensive rats responded consistently to renal transplantation when the blood pressure elevation was of less than 6 months duration and that the response was erratic, andeven-reversed, in the more chronic hypertension. Five of 9 chronic renal and 8 of 14 chronic DCA hypertensive animals exhibited a fall of less than 11 mm. Hg, whereas a greater .response was always present in animals with hypertension of lesser duration.
The animals in each group are arranged according to initial BP (as recorded by direct manometry under pentobarbital anesthesia). Weights are also given. It will be seen that neither .of these variables was a major factor in determining the magnitude of the blood pressure response to the kidney transplant.
Figure 3
Sample records during kidney transplantation. Symbols indicate point at which, by opening or closing the clamp, blood flow through the kidney was established or arrested. Upper curve indicates the response to the transplant in a typical experiment. Recipient •iciis a rat with renal hypertension of l x /<> months duration. Initial mean BP: 250 mm. Tig, minimum BP: 120 mm. Hg 103 minutes after releasing the clamp. Note that the BP rose after excluding the kidney, but not to the initial level. The lower left tracing demonstrates failure of a transplant to lower the BP in renal hypertension of G 1 /? months duration. The lower right record indicates that the kidney fails to lower the BP in the normotcnsive recipient.
usual magnitude when the kidney from a rat with meta-corticoid hypertension was used for the transplantation procedure.
Observations Concerning the Mechanism of Action of the Transplant
The possibility that the reduction in blood pressure in the hypertensive recipients resulted simply from deterioration of the preparation appeared iinlikly as a result of several observations. No major decline in blood pressure occurred in n'ormotensive recipient animals after kidney transplantation ( fig. 3 and table 1) . In 3 experiments, after the transplant had reduced the blood pressure of the hypertensive recipients to normal, the preparation was allowed to remain untouched over a period of 3 to 8 hours, during which time no further decline in blood pressure appeared. Furthermore, rats with acute humoral hypertension exhibited no reduction in blood pressure after introducing a transplant nor was any increase in the rate of administration of the pressor substance necessary to maintain the blood pressure, as would have been expected if the preparation was steadily deteriorating. Finally, if the progres- sive drop in blood pressure were solely the result of the conditions of the experiment, exclusion of the transplant should not have interrupted the declining slope of the blood pressure ( fig. 3, 4) .
Another explanation of the depressor effect of the transplant might be that the insertion of an additional vascular bed of low resistance into the circulation of the hypertensive recipient lowered the blood pressure simply by reducing the over-all peripheral resistance. To exclude this explanation, an arteriovenous fistula was created in the hypertensive animal by directly joining the femoral arterial and venous cannulae. No fall in blood pressure was observed in 6 experiments in which sub-Circnlation Research, Volume VIII, March I960 sequent implantation of a kidney through the same cannulae produced the usual depressor effect.
Finally the possibility was considered that the transplant might possess no unique antihypertensive action but simply release a "nonspecific" depressor substance formed during the period of ischemia. If this "were the case, it might be expected that other transplants would exhibit depressor activity. However, when the rat's hind limb instead of a kidney was attached to a renal hypertensive recipient, no significant blood pressure reduction occurred in 6 out of 7 experiments in which the subsequent introduction of a kidney transplant produced the expected re-sponse. That the depressor effect was not mediated by the release of a nonspecific vasodilator from the transplant kidney is further supported by the previously cited observation that normotensive recipients or rats made acutely hypertensive by infusion of pressor substances did not exhibit a fall in blood presure after the transplantation procedure, as would have been expected if the renal transplants were releasing "nonspecific" depressor substances into the circulation.
Discussion
Our observations on the renal hypertensive rats are consistent with the findings of Braun-Menendez and Von Euler, 11 who demonstrated the protective function of normal renal tissues by placing rats with renal hypertension in parabiosis with normal, bilaterally nephrectomized and renal hypertensive rats. When hypertensive rats were connected with normal animals, the blood pressure fell, and when they were separated, it rose toward previous levels. On the contrary, no sustained depressor effect was seen when a nephrectomized or renal hypertensive rat was used as the parabiont. In the dog, renoprival and renal hypertension are likewise alleviated by the addition of a normal kidney. 5 -1(i Human renal hypertension also responds to a renal transplant. 0 DCA hypertension has not previously been studied by this technic, our observations suggest that it is equally responsive to the effect of an implanted kidney.
The rat made chronically hypertensive by either renal ischemia or desoxycorticosterone and salt administration gradually becomes refractory to the depressor action of the kidney transplant. The mechanism for maintaining the hypertension appears to change gradually after approximately 6 months of sustained blood pressure elevation. In the rat, Patton, Page and Ogden Ki also showed that the duration of hypertension influences its reversibility. They found that after 10 weeks of elevated blood pressure, removal of the ischemic kidney no longer restored normotension. The finding in the dog of renal pressor substances in the blood in early hypertension, and their absence after a more prolonged elevation of the blood pressure, further supports the view that the mechanism which sustains renal hypertension is different from that which initiates it. 14 On the other hand, the irreversibility to renal transplants exhibited by prolonged DCA and renal hypertension may simply be the result of the structural changes demonstrated to occur some time after the onset of the elevated blood pressure. 13 Since the rate of A' ascular alteration engendered by hypertension probably varies in different species, it is difficult to compare our results in the rat with those obtained in other animals. However, chronic hypertension has been known to respond to renal transplantation after it has persisted as long as 8 to 12 mouths in the dog 12 ' 10 and after several years in some cases of human renal hypertension. 17 The way in which a normal kidney exerts its antipressor action in early hypertension remains to be explained. It may suppress the secretion or accelerate the removal rate of a substance formed by some other organ, e.g., renotrophin. 18 On the other hand, the kidney may in the presence of hypertension release a depressor substance. 4 ' 10 If such be the case, some event other than an increased renal arterial pressure provides a stimulus for such release, since an increase in renal arterial pressure produced by renin or angiotensin did not apparently stimulate the depressor function of the transplant.
It might be postulated that in early hypertension the animal is abnormally responsive to potential circulating pressor substances such as norepinephrine or angiotensin and that a renal transplant rapidly abolishes this sensitivity. However, Merrill has shown that sensitization to norepinephrine is not altered by kidney homo transplantation. 17 Since the renin and angiotensin used in these experiments were derived from another species, it is possible that the kidney transplant might have reduced the blood pressure if the injected substances were of rat origin. Close inspection of the blood pressure records obtained during the renin and angiotensin infusions showed no evidence of even a small blood pressure reduction when the kidney was introduced to the circulation of these rats. We, therefore, doubt that the kidney exerts its antihypertensive action by removing elements involved in the renin pressor system.
It might be postulated that some substance responsible for the hypertension is eliminated in the urine formed by the transplant. However, renoprival hypertension may be prevented when urine from the transplanted kidney is allowed to return to the recipient animal by connecting the ureter to the vena cava/' Furthermore, Muirhead, Stirman, and Jones 20 have shown that when normal kidney cells are explanted to the peritoneum the renoprival dog resists hypertension. Therefore, although the precise mechanism of action of such renal ex pi ants is unknown, their effect seems to involve an internal rather than an external secretion.
These studies confirm the finding of others that intact renal tissue is protective against various forms of experimental hypertension. The experimental model described in this report provides a useful method for further study of this phenomenon. Summary A method is described for preparing and studying the acute effect of renal transplants on the blood pressure of the rat. In such a preparation, renal blood flow, urine flow, and blood pressure are well maintained over a period of several hours. In hypertension of less than 6 months' duration following renal ligation or desoxycorticosterone administration, the transplant consistently reduced the blood pressure and in 36 out of 44 experiments normotensive levels were achieved in 30 to 40 minutes. Exclusion of the kidney permitted a gradual restoration of the hypertension. When the blood pressure was elevated by infusions of renin or angiotensin, the blood pressure did not fall after the transplantation procedure. Introduction of kidney tissue after the hypertension had lasted for 6 months or more reduced the blood pressure in only 10 of 23 experiments, suggesting that after the Circulation Research, Volume VIII, March 1660 passage of time irreversible vascular changes had occurred.
The mechanism by which the transplant lowers the blood pressure is unknown, but such factors as the creation of an area of low vascular resistance, the release of nonspecific depressor substances into the circulation, and the external loss of a pressor substance into the urine seem to be excluded. Reasons are given for suspecting that the antihypertensive action of normal kidney tissue is a specific metabolic or incretory effect, rather than an excretory action related to urine formation.
Summario in Interlingua
Es describite un methodo pro le preparation e le studio del effecto acute de transplantationes renal super le tension del sanguine in rattos. In casos de iste typo de transplantation, le fluxo de sanguine renal, le fluxo de urina, e le tension de sanguine es ben mantenite diirante un periodo de plure horas. In hypertension de minus que 6 menses de duration post ligation renal o post administration de disoxycorticosterona, le transplantation reduceva uniformemente le tension de sanguine, e in 36 ex 44 experimentos, nivellos normotensive esseva effectuate intra 30 a 40 minutas. Le elimination del ren permitteva un restauration gradual del hypertension. Quando le tension del sanguine esseva elevate per medio do infusiones de renina o angiotensina, le tension del sanguine non descendeva post le manovra de transplantation. Le introduction de tissu renal post que le hypertension habeva durate 6 menses o plus resultava in un reduction del tension de sanguine in solmente 10 ex 23 experimentos. Isto pareva indicar que in le curso del tempore, irreversible alterationes vascular habeva occurrite.
Le mechanismo per le qual le transplantation reduce le tension de sanguine non es cognoscite, sed il pare justificate rejicer como explicationes possibile faetores como le creation de un area de basse resistentia vascular, le liberation de nonspecific substantias depressori a in le circulation, e le perdita externe de un substantia pressori que esserea eliminate in le urina. Es presentate le rationes que justifica le opinion que le action antihypertensive de normal tissus renal es un specific effecto metabolic o incretori plus tosto que un action excretori relationate al formation de urina.
